Abstract 45S5 bioglass has been widely studied in the last few decades because of its bioactivity and promising applications in the biomedical field. Boron, even few studied, represents a potential element to improve the properties of the 45S5 bioglass derivatives. The bioglasses are conventionally prepared by heat treatment of oxides and silicon. Here, the sol−gel method is proposed for the preparation of the boron-based 45S5 bioglass (45S5B) and the classical 45S5 bioglass (45S5), using watersoluble salts as raw materials. The bioglasses were characterized by FTIR, XRD, and SEM, indicating the success of the sol −gel method for preparation of the samples. The bioglasses were also tested in vitro for bioactivity in biological conditions and cytotoxicity against eukaryotic cells. The bioactivity of 45S5B was similar to the bioactivity of 45S5 bioglass, indicated by the deposition of hydroxyapatite crystals at the surface of the pristine bioglasses. 
Introduction
The increased human average age and lifestyle are associated with the increasing health problems, normally leading tissues such as bones, cartilage, and tendons to injuries [1] . The search for improved life quality has been boosting the research and development of new materials to repair damaged tissues. The technologies and materials for bone augmentation have benefited patients and represent a clinical routine nowadays, with a large range of commercially available biomaterials, including mainly the animal derivatives (bovine-treated bone) [2] and the synthetic hydroxyapatites [3] . These temporary bone substitutes are used for filling lesions in which the loss of bone is high, but capable of repairing itself. The material fills the lesion and allows cell migration and proliferation, giving rise to pristine bone formation leading to in situ bone augmentation and ensuring the mechanical strength for the implant, in the healing process of about 6−10 months [4] .
The bone augmentation materials for dental implants represent a growing market. The most fashion bone substitutes in clinical procedures for teeth implantation are used in the form of powder [5] . The demineralized bovine bone is widely used for clinical applications; however, its heterologous origin may represent a problem in the near future [5, 6] , once animal derivatives tend to be avoided for human implants. The synthetic hydroxyapatites do not show adequate performance when compared to the bovine bone and the problematic refers to the low performance in loadbearing applications mainly because it is brittle, exacerbated by its rate of biodegradability, and in general slow because of its high crystallinity degree [7] .
Apart from apatites, synthetic bioactive glasses have also been studied for bone healing. Bioglasses are in general brittle, and its main presentation is in the form of powder, not self-sustainable, a property that can be explored for filling small bone lesions, such as its use in oral bone augmentation, once these filling materials are not subject to high mechanical loading. 45S5 bioglass, synthesized in 1970 [8] , is a bioactive glass based on silica, biocompatible, and capable of giving rise to hydroxyapatite in situ, in physiological conditions. The 45S5 formulation has been modified aiming to improve the properties of their derivatives [9] , such as NovaBone, NovaMin, NovaThera, and PerioGlass [9] . Silicate-based bioactive glasses associated with Fe [10] , yttria-zirconia [11] , and graphene oxide [12] , have been proposed and investigated. Besides, all these formulations represent available products in the market, the need of synthetic biomaterials that behave adequately within the human body and stimulate the bone augmentation encourages further studies, and the development of alternative materials. In this vein, boron represents an interesting chemical element capable of improving the properties of bioglasses. Boron improves the mechanical properties of glasses, especially phosphate glasses and its susceptibility to hydrolysis by the formation of B−OH bonds in water, which catalyze the bioactivity of its derivatives [13] [14] [15] [16] [17] [18] . The borate glasses (free of silica) represent a good substrate for cell adhesion, proliferation, and differentiation [16, 19] in vivo [20] and are capable of inducing the angiogenesis [21] and neovascularization [14, 15] . Only few reports can be found in the literature for the preparation of silica-based bioactive bioglasses associated with boron [15, [22] [23] [24] . An interesting example is the silica bioglass 45S5 plus 2 wt% boron, in which boron replaces silica, resulting in a material capable of increasing the angiogenesis in in vitro tests using an embryonic quail chorioallantoic membrane [23] . Further investigations are necessary to increase the range of boron-silicate-based bioactive glasses [25] and also the technologies for their development, aiming to improve the processing and quality of these materials.
Regarding the synthesis, the sol−gel process represents an interesting alternative for preparation of bioglasses in which the structure (including crystallinity) and morphology can be easily controlled when compared to the melt quenching process because of the low temperature for thermal treatment. Also, the sol−gel process generates materials with high homogeneity and purity [15, 26] . Encouraged by the demand for 45S5 derivatives for use in the biomedical field, here, we propose the use of sol−gel process and water-soluble salts to prepare the boron-based 45S5 bioglass and to compare its properties to 45S5 also prepared from water-soluble salts and sol−gel process. The details of the preparation method and the structural characterization (Fourier-transform infrared spectroscopy (FTIR) and XRD), morphology (scanning electron microscopy (SEM)), bioactivity and biodegradation in in vitro physiological conditions, and in vitro cytotoxicity are described. 3 ) were purchased from Sigma Aldrich USA. Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum were purchased from Cultilab (Brazil), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium salt (MTT) was purchased from Merck (US), isopropyl alcohol and phosphate-buffered saline (PBS) were purchased from Synth (Brazil), and trypsin was sourced from Gibco (US). All solvents and reagents (analytical grade) were used as purchased. Osteo1 cells (calvarium rat cells) were provided by Prof. Selistre de Araújo, LBBM laboratory, UFscar, Sao Carlos, Brazil.
Materials and methods

Materials
Sample composition and preparation
The bioactive glasses were prepared by sol−gel method. For 45S5, NaCl (3.9 g) was dissolved in 5 mL of deionized water and added into TEOS:ethanol solution (16.8 mL:16.5 mL) under magnetic stirring at room temperature, followed by addition of the HCl solution (0.6 M, 900 μL). The flask was stirred for 15 min after TEOS hydrolysis. CaCl 2 .2H 2 O and Na 3 PO 4 .12H 2 O (1.6 g) were dissolved in 7.5 mL of deionized water and added to TEOS solution. The pH was increased to 5 (±0.5) with NH 4 OH (3 mL) and rest to condensation (about 30 min). The gel was kept sealed for 1 week and then dried at room temperature. The thermal treatment was carried out at 700°C for 3 h by heating at 10°C/min using a microprocessed furnace EDG (3000-10P, Tecnal, Brazil). The dried powder was milled using a mortar. A similar procedure was used for the preparation of 45S5B; however, the volume of water was increased because of the low solubility of boric acid (0.2 g), which was dissolved in 10 mL of deionized water and added to the suspension before addition of NH 4 OH.
Characterization
In vitro bioactivity
The in vitro bioactivity was studied by immersion of 100 mg of each sample in 25 mL of simulated body fluid (SBF) solutions for 60 days at 37°C, followed by measurement of mass variation (gain or loss of mass), SEM, and FTIR. SBF solution was prepared according to the formula described by Kokubo [19] . Shortly, the salts NaCl (8 g), NaHCO 3 (0.35 g), KCl (0.22 g), K 2 HPO 4 •3H 2 O (0.23 g), MgCl 2 •6H 2 O (0.3 g), CaCl 2 (0.28 g), and Na 2 SO 4 (0.07 g), tris (hydroxymethyl)aminomethane (6.04 g) were dissolved in deionized water at 37°C and 1 M hydrochloric acid was added until reaching pH 7.40. Samples were withdrawn at 0.3, 1, 2, 5, 7, 15, 30, 45, and 60 days. Two samples were used for each immersion time. After removal of the SBF solution, samples were centrifuged with deionized water and dried at 60°C until constant mass. For bioactivity evaluation, the formation of the carbonated hydroxy calcium phosphate at the surface of the samples was assessed by scanning electron microscopy (SEM) and FTIR. The loss or gain of mass was measured to determine the rate of the conversion (bioactivity) and calculated in the following equation:
where W 0 is the initial mass of the materials and the W f is the final mass. Furthermore, the pH of the SBF medium in which samples were immersed was monitored on the 0, 7, 15, 30, 45, and 60th day.
Scanning electron microscopy
SEM images were assessed using a scanning electron microscope model Sigma (Zeiss, Germany). The samples withdrawn from in vitro bioactivity experiment were dried and sputter-coated with platinum (Q-150RS, Quorum Technologies).
FTIR
FTIR transmittance spectra were recorded at room temperature, from 4000 to 600 cm −1 and 16 scans were averaged using a PerkinElmer Spectrum 100 spectrometer equipped with an attenuated total reflection (ATR) accessory for structural analysis.
XRD
An Ultima IV (Rigaku, Japan) X-ray diffractometer was used to study the crystallinity and phase composition of the samples. XRD patterns were recorded at Bragg−Brentano configuration in the 2θ range of 20-80°, step size of 0.02°, using a Cu Kα radiation, and 40 kV operating voltage and 40 mA current.
Cytotoxicity tests
2.3.5.1 Sample extract Two-hundred milligrams of 45S5 or 45S5B were extracted in 1 mL of DMEM for 24 h, at room temperature, following ISO10993-5.
Cell culture
The osteogenic cells from lineage OSTOE-1 (rat calvarium) were grown in DMEM supplemented with fetal calf serum (10% v) and antibiotics (penicillin 100 U/mL; streptomycin 0.1 mg mL
). The cultures were maintained at 37 ± 2°C in 5% CO 2 atmosphere and, when in confluence of 80-90% they were trypsinized. Trypsin was neutralized by addition of DMEM with fetal calf serum. The cells were used for the cytotoxicity test.
Powder extraction
The liquid extract for the cytotoxicity tests was prepared using 200 mg mL −1 of 45S5 or 45S5B in DMEM culture medium at room temperature, for 24 h. The extract was separated from the bioglass by centrifugation at 1 × g for 2 min and used as such. All the steps were performed in sterile conditions.
Cytotoxicity test
The cytotoxic effect of the samples was assessed by MTT assay (ISO 10993-5). As such, the cell suspension was centrifuged for 3 min at 1200 × g, and transferred to a 96-well plate in a cell density of 1×10 
Results and discussion
The polycondensation reaction of the sol−gel process generated a gelled material as shown in Fig. 1a, d for 45S5 and 45S5B, respectively, and no large agglomerates were observed. The drying led the materials to contract and decrease the volume (Fig. 1b, e) , and the thermal treatment generated the powders shown in Fig. 1c , f. For both materials, the addition of the Na 3 PO 4 led to a fast increase of the viscosity, which can be attributed to the polyphosphate chain network favoring the system stability (no phase 
In vitro bioactivity
The bioactivity of the materials was investigated up to 60 days in SBF. The changes in initial mass, ATR-FTIR spectroscopy, SEM, and XRD indicated the formation of hydroxyapatite.
The mass change of the samples was measured at 0 and 8 h, 1, 3, 5, 7, 15, 30, 45, and 60 days time point, and the results are shown in Fig. 2 . The bioglasses showed a fast loss of mass up to 8-h time point, about 25 and 40 wt% for 45S5 and 45S5B, respectively. Then, the mass was kept constant up to 15-days time point. The loss of mass can be attributed to the dissolution of the soluble salts in SBF and the maintenance of the mass can be possibly caused by the equilibrium between the dissolution of salts and the formation/deposition of hydroxyapatite at the surface of the bioglasses particles. After 15-days time point, the mass dramatically increased up to 60-days time point, reaching about 50 wt% gain. This result can be attributed to the strong bioactivity feature of the bioglasses in SBF, in which the salts from the liquid medium (SBF) clearly shifted the equilibrium preferentially toward the formation of hydroxyapatite, favored by the exchange of SBF, the source of salts, improving the dynamics of the formation of hydroxyapatite. The bioactivity of 45S5 was slightly higher than 45S5B after 30-days time point.
The variation of SBF pH after 7, 15, 30, 45, and 60 days in contact with the bioglasses is shown in Fig. 2b . The pH of SBF was 7.4 at the beginning and its general behavior for both 45S5 and 45S5B slightly increases up to 30-days time point, followed by a decrease of pH values up to 60 days, but the variation was kept within the pH range of 6.5 and 8.0. The variation of pH is attributed to the hydrolysis of the salts in its pristine state and their corresponding oxides, generated by thermal treatment. The increase in pH values is because of the dissociation of salts such as sodium and calcium in aqueous liquid medium. 45S5 exchanges Ca 2+ and Na + with the protons from SBF. The replacement of H + from SBF by Ca 2+ or Na + leads to the increase in pH values because of the decrease of the dissociated protons. Also, the formation of the hydroxyapatite results from the ion exchange between the bioglass and the SBF; thus, the variation of pH values indicates the formation of hydroxyapatite. The pH of the 45S5B was lower than the 45S5 in all time points, possibly because of the hydrolysis of boron oxide leading to the formation of boron acid derivatives. The variation of pH was low because the SBF was used in large excess when compared to the small amount of bioglass in an attempt to simulate the body fluid dynamics. The salts were capable of keeping the pH range adequate for cell growth and development.
FTIR
The FTIR of 45S5 (Fig. 3 ) before immersion in SBF shows the typical spectrum of silicate-based bioglasses with the main peaks at 1100 and 3375 cm −1 related to Si-O stretching and the overlapping of OH vibration from silanol and adsorbed water. The weak peak at 800 cm −1 is related to Si−O bending, and the peak at 900 cm −1 corresponds to the Si−O with one nonbridging oxygen. The peak at about 1635 cm −1 corresponds to molecular water (H−O−H scissoring). After immersion in SBF, the peaks of 45S5 spectra changed dramatically, revealing changes in its structure. The spectrum of 45S5 immersed for 8 h in SBF showed the appearance of the peak at about 650 cm −1 , indicating the formation of hydroxyapatite [27] . The disappearance of the peak at 900 cm −1 related to Si−O with one nonbridging oxygen and the appearance of the peak at 3180 cm Si-O-Na. After 60 days of immersion, only the peaks at 1034 and 1090 were found, indicating deep changes in the siloxane-based structure evidenced by the enlargement of the Si−O vibration peak. The phosphate contributions, at about 1000-1100 cm −1 , are mostly overlapped by the silicate peaks and are not separated as individual infrared vibrations; however, the changes at this region of the spectrum can be attributed to P=O vibrations of the phosphate group from hydroxyapatite [22] . 45S5B FTIR spectrum (Fig. 3) shows similar vibration peaks of the chemical groups of 45S5, as expected, once most of the components do not change, except the inclusion of boron in 45S5B formulation. Nevertheless, boron vibration peaks are clearly shown in 45S5B spectrum. The typical borate vibration peaks are related to boron triangular (BO3) or tetrahedral (BO4) structures from diborates, pertaborates, and triborates [28, 29] . The tetrahedral borate shows asymmetric stretching vibrations in the range of 800-1200 cm −1 [30] , which appears in Fig. 3b at about 1032 cm −1 , overlapped with the Si−O vibration peak. The frequency absorption of a triangular borate structure (BO 3 and BO 2 O) appears at about 1200-1550 cm −1 and is evidenced in Fig. 3b by the absorption bands at 1350-1400 cm −1 and the bending vibrations or deformation modes of borate appeared at 700 cm −1 [30] . The immersion in SBF for 8 h revealed deep changes in the spectrum clearly related to the formation of hydroxyapatite evidenced by the appearing of the double peaks at 643 and 660 cm −1 , as described for 45S5. In addition, the resonances attributed to the siloxane glass network (Si−O) weakened and the absorption vibrations related to the phosphate group (P=O), at about 1032 cm −1 led to deep changes at this dominant region of the spectrum [22] . The vibrations at 1390 cm −1 can be attributed to B−O derivative bonds. 4a, b and 5a, b. The structure of the bioglasses drastically changed in SBF, starting by the corrosion of the particles caused by the dissolution of salts into the liquid medium, followed by the precipitation of hydroxyapatite crystals at the surface of 45S5 and 45S5B. The immersion of 45S5 in Fig. 4 SEM images of 45S5 before immersion in SBF and after 2 days, 5 days and 60 days in SBF. Scale bars = 1 μm at left, and 500 nm at right SBF for 8 h gave rise to pores at its surface and a huge amount of small precipitated crystals, which can be seen at the higher magnification. The growth of crystals increased with time, as shown in Fig. 4e -h, as well the size and number of pores, evidenced in Fig. 4g , h. The large number of pores indicates the dissolution of salts into the medium, leading to a loss of mass of the bioglass; otherwise, the formation of hydroxyapatite at the surface of the bioglasses increases their mass. The SEM images confirm the results of mass changes shown in Fig. 2 . The behavior of 45S5B was quite similar to 45S5; however, the morphology of 45S5B was slightly different, showing larger formers and larger pores when compared to 45S5. Interestingly, the structures of hydroxyapatite crystals showed a similar morphology for both bioglasses, as well the pattern of deposition at the surface of the bioglasses, showing similar sizes and shapes. Figure 6 shows the XRD diffractograms of 45S5 and 45S5B before and after immersion in SBF for 60 days. In general, the results revealed the deposition of hydroxyapatite at the surface of both the bioglasses, in total agreement with the results of SEM and loss/gain of mass. The 2θ XRD patterns of the standard hydroxyapatite are shown in Table 1 [22] , as well the experimental data of 45S5 and 45S5B after 60 days of immersion in SBF. The peaks at 2θ = 31.29°and 31.19°d isplayed at 45S5 and 45S5B diffractograms, respectively, correspond to 2θ = 31.74°of the standard hydroxyapatite, and the peaks at 32.24°, corresponding to the (002) crystal plane are typical peaks of hydroxyapatite [31] . The characteristic peaks of hydroxyapatite identified in 45S5 and 45S5B are displayed in Table 1 [31] . The XRD diffractogram of 45S5 and 45S5B before immersion in SBF revealed the presence of the amorphous peak at 22°corresponding to SiOH and the crystalline peaks attributed to NaCl formed in the precipitation process. The peaks at 31.74°, 45.40°, 56.50°, and 75.18°corresponded to 200, 220, 222, and 420 crystal planes of NaCl, respectively. These results can explain the fast loss of mass at the beginning of the bioactivity tests, which can be strictly related to the dissolution of NaCl in the liquid medium.
XRD
Cytotoxicity studies
MTT viability test was used to follow the behavior of the cells in the presence of 45S5 or 45S5B bioglasses, in order to determine the concentration to inhibit 50% of the metabolism of the cells (IC 50 ). The results for the samples extracted from 200 mg of bioglass per milliliter of DMEM evidenced the typical feature of these materials, i.e., their dissociation capability in aqueous medium, increasing the osmotic force, leading the cells to die after 24 h. The high ion concentration outside the cells resulted in the diffusion of water in an attempt to reach the osmotic equilibrium, leading them to plasmolysis [32] . The total metabolism inhibition was detected for both the bioglasses at 200 mg mL −1 . Studies at lower concentrations of bioglasses, ranging from 100 to 0.63 mg mL
, led to the growth inhibition profile shown in Fig. 7 , for which the IC 50 values were 8.15 and 7.56 mg mL −1 for 45S5 and 45S5B (Fig. 7a) , respectively. Figure 7b shows the MTT results in which the low concentration of the bioglass gave rise to the intense purple color, indicating the activity of the enzymes from the alive cells in the conversion of MTT (yellow, shown in the positive control, CP) to its formazan derivative (purple, shown in the positive control, CP). The gradual decrease in color associated to the gradually increased bioglass concentration indicates the cell death in agreement with the concentration. These results showed the need of high concentrations of the bioglasses to inhibit 50% of the cell metabolism, indicating their low cytotoxic effect. In general, the results indicated the success of the sol −gel method for the preparation of 45S5B and 45S5 bioglasses from water-soluble salts. The characterizations revealed that the boron-based bioglass 45S5B prepared by sol-gel technology showed similar properties to the 45S5 bioglass, especially its capability of stimulating the deposition of hydroxyapatite at the surface. This property is the most important for the osteointegration in the bonehealing process, once the hydroxyapatite is the material that composes the bone. Thus, its deposition at the surface of the 45S5B bioglass improves its capability of integration with bone. In addition, the sol−gel technology and the watersoluble salts represent a potential alternative to the conventional method for the preparation of bioglasses.
Conclusions
The sol−gel process was successfully used for preparation of the boron-based 45S5B bioglass, as well for the preparation of the classical 45S5. The bioglass characterization showed the efficiency of the sol−gel process to generate this boron-based bioglass, usually prepared by heat treatment from oxides as starting material. The chemical structure was analyzed by ATR-FTIR spectroscopy before and after immersion in SBF to follow their behavior with respect to the formation of hydroxyapatite. The results indicated the formation of large amounts of hydroxyapatite, shown by the gain of mass for both 45S5 and 45S5B in SBF and also by SEM images, indicating their high bioactivity. 45S5B showed a cytotoxic effect similar to 45S5 under the tested conditions against eukaryotic OSTEO1 cells in vitro, a preliminary result that suggests it is safe for the development of its based materials for biological applications. 
